on behalf of the PRIME Study Group* Objective-We have examined the association between the incidence of coronary heart disease (CHD) and plasma high density lipoprotein (HDL) cholesterol, apolipoprotein A-I (apoA-I), and 2 HDL fractions, lipoprotein A-I and lipoprotein A-I:A-II. Methods and Results-These parameters were measured in subjects recruited in France and in Northern Ireland in the Prospective Epidemiological Study of Myocardial Infarction (PRIME) Study, a prospective cohort study. Among the subjects free of CHD on entry, 176 in France and 113 in Northern Ireland suffered an ischemic attack (CHD patients) during the 5-year follow-up, whereas 6612 French and 2172 Northern Irish men showed no CHD symptoms (CHD-free subjects). All 4 HDL parameter levels were lower in CHD patients than in CHD-free subjects. After the cohort was divided into quintiles based on the distribution of HDL parameter levels, a significant (PϽ0.0001) linear increase in relative risk was observed for each HDL parameter level. However, regression logistic analyses showed that apoA-I was the strongest predictor (more powerful than HDL cholesterol) and that lipoprotein A-I and lipoprotein A-I:A-II did not supplement apoA-I in predicting CHD. Conclusions-Among the parameters related to HDL, apoA-I appears to be the strongest independent risk factor.
C oronary heart disease (CHD) is one of the main causes of premature death in industrialized countries, 1, 2 and its prevalence has been increasing in developing countries. However, reported CHD mortality rates differ from one industrialized country to another. 3 In particular, the attack rates of myocardial infarction (MI) and CHD death present a north-south geographical gradient in Western Europe; for instance, the risk in Northern Ireland is twice as high as the risk in France. Differences in conventional risk factors (total cholesterol, blood pressure, and cigarette smoking) do not fully explain this difference in the incidence between northern and southern countries. 4 A multicenter case-control study, Etude Cas-Témoins sur l'Infarctus du Myocarde (ECTIM), comparing MI survivors and CHD-free subjects in Northern Ireland and in France investigated the hypothesis that besides the classic lipid risk factors, such as LDL cholesterol (LDL-C) and HDL cholesterol (HDL-C), other factors, particularly lipoprotein particles, might contribute to an explanation for the geographical contrast in the disease. 5 Lipoprotein particles can be characterized by their apolipoprotein content and constitute separate metabolic pools. 6 Plasma lipoproteins are composed of a mixture of such particles, the plasma levels of which can be measured by using a combination of polyclonal and monoclonal antibodies. 7 Concentrations of LpA-I, which contain apoA-I but not apoA-II, proved to be of interest in comparing MI incident CHD cases with CHD-free control subjects in the ECTIM Study. A high-risk profile, partially characterized by a low LpA-I level, was more frequent in the population of Northern Ireland. 5 However, even though case-control studies have shown that low LpA-I is associated with CHD, 5,8 -12 no prospective study has directly analyzed LpA-I and LpA-I:A-II as risk factors for CHD.
Prospective cohort studies are needed to analyze CHD risk according to etiologic factors (especially biological) on firm methodological bases. 13 The Prospective Epidemiological Study of Myocardial Infarction (PRIME study) was set up to investigate the differences in CHD incidence between Northern Ireland and France and their possible determinants. 14 Lipid and lipoprotein parameters related to HDL are candidates. A number of prospective cohort studies have already investigated the value of plasma apoA-I levels in predicting CHD, [15] [16] [17] [18] [19] [20] [21] but only 4 of these have simultaneously determined HDL-C levels 15, 17, 20, 21 and, thus, could directly compare the predictive value of HDL-C and apoA-I. All studies concluded that apoA-I was no more predictive of CHD than was HDL-C. Finally, cohort studies have generally analyzed the predictive value of parameters for MI and coronary death, the so-called hard coronary end points, but none has made an evaluation of hard incident CHD cases on the one hand and angina pectoris on the other.
In the present study, therefore, we have studied different issues: (1) HDL parameters (such as HDL-C), apoA-I, and HDL fractions (such as LpA-I and LpA-I:A-II) as risk factors for CHD; (2) their predictive value for hard CHD events or angina; and (3) the proportion of relative risk of CHD incidence between Northern Ireland and France, which could be explained by differences in HDL parameters.
Methods
Details of the protocol and conduct of the PRIME study have previously been described. 14 For more details, please see the online data supplement, available at http://atvb.ahajournals.org.
Lipoprotein Analysis
A blood sample was drawn after a 12-hour fast into tubes containing EDTA. Plasma was separated by centrifugation at 4°C within 15 minutes at each clinic, kept at 4°C, and sent weekly by air (with the exception of those from the Lille Center) to the Central Laboratory at the Pasteur Institute of Lille. All samples were treated in exactly the same way (regarding delay and temperature) whatever the center. Cholesterol and triglyceride levels were determined by automated enzymatic procedures (Boehringer-Mannheim) adapted to a Hitachi 705 analyzer. Cholesterol was measured in HDL-containing supernatant after phosphotungstate/magnesium chloride precipitation of apoB-containing lipoproteins (Boehringer-Mannheim). ApoA-I was quantified by using commercial reagent by immunonephelometry (Behringwerke). LpA-I was measured by using differential immunoelectrophoresis, as previously described. 22 The LpA-I:A-II level was calculated as its apoA-I content by subtracting LpA-I from total apoA-I. The coefficients of variation were 2% and 4% for apoA-I and LpA-I, respectively. LDL-C was calculated according to the Friedewald formula. 23
Statistical Analysis
Statistical analysis was carried out by using an SAS statistical package (SAS Institute). Differences between centers were evaluated by ANOVA. The strength of association between baseline parameters and CHD event was assessed by means of logistic regression analysis comparing CHD subjects (incident CHD cases) and control subjects. Theoretically, proportional hazard regression may be considered as more suited to incidence data analysis than logistic regression. However, the annual incidence of CHD events was low (Ͻ1%), and the follow-up duration was fixed (5 years). Under these conditions, the 2 methods yield virtually identical results, which were systematically verified in the present study. Standardized ␤ coefficients in the regression analysis were computed as the product of ␤ coefficients by the SD of the corresponding explaining variable. Two models were mainly used for analysis: (1) a simple model with adjustment for age and center only and (2) a multivariate model that included, in addition to age and center, risk factors other than HDL parameters (diabetes, high blood pressure, smoking, and LDL-C and triglyceride levels). Statistical significance was set at PϽ0.05.
Results

Characteristics of Incident CHD Cases and CHD-Free Subjects
The general characteristics of the incident CHD cases and those free of CHD at the end of follow-up (CHD-free subjects) are shown in Table 1 . There were 176 incident CHD cases in France (11) Results concerning diabetes (type 2), smoking, and high blood pressure are presented as the percentage of subjects displaying each risk factor and those of systolic and diastolic blood pressure as means (SD) in each country population. A subject was considered hypertensive if he was treated with antihypertensive drug or had systolic and/or diastolic pressure above 160 and 95 mm Hg, respectively. The incident CHD cases correspond to subjects having an acute coronary ischemic attack (myocardial infarction, coronary death, angina as described in Methods) during the follow-up. *PϽ0.05, †PϽ0.002, ‡PϽ0.001 between incident CHD cases and CHD-free subjects in each country. The significance was calculated after adjustment for age.
§PϽ0.05, ʈPϽ0.001 between Northern Irish and French incident CHD cases or CHD-free subjects.
and 113 in Northern Ireland, corresponding to 2.6% and 5.2% of the French and the Northern Irish cohorts, respectively. In all centers, the percentage of smokers was higher in CHD patients than in subjects without CHD. The frequency of diabetes mellitus was Ϸ2to 3-fold higher in CHD patients than in CHD-free subjects in both countries. Systolic and diastolic blood pressure levels were significantly higher in incident CHD cases than in CHD-free subjects in both countries, but no difference was noted between Northern Ireland and France. Treatment for high blood pressure was less frequent in Northern Ireland than in France in CHD patients and in CHD-free subjects.
HDL Parameters in Incident CHD Cases and CHD-Free Subjects
HDL-C, apoA-I, LpA-I, and LpA-I:A-II concentrations measured on entry are presented in Table 2 . HDL parameters revealed differences between incident CHD cases and CHDfree subjects in each country. Indeed, ANOVA showed that every HDL parameter was higher in CHD-free subjects than in incident CHD cases, irrespective of country. However, HDL-C, apoA-I, and LpA-I levels in Northern Irish incident CHD cases and CHD-free subjects were significantly lower than the levels in the respective French groups, whereas LpA-I:A-II levels were similar in both countries. The coefficients of correlation between HDL variables were similar in CHD patients and CHD-free subjects. So, in the whole cohort, HDL-C was highly correlated with apoA-I (rϭ0.76, PϽ0.0001) and LpA-I (rϭ0.64, PϽ0.0001), and apoA-I was correlated with LpA-I (rϭ0.64, PϽ0.0001) and LpA-I:A-II (rϭ0.88, PϽ0.0001). But the LpA-I/apoA-I ratio was not correlated with apoA-I (rϭϪ0.02) and only moderately with HDL-C (rϭ0.18, PϽ0.0001).
HDL Parameters and CHD Risk
Subjects were subdivided into quintiles based on the distribution of levels of HDL-C, apoA-I, LpA-I, and LpA-I:A-II of the CHD-free population. Relative risks were adjusted for age, center, smoking, hypertension, diabetes, LDL-C, and triglycerides. The results are shown in Table 3 . Relative risks decreased steadily as each HDL parameter level increased, and the linear trend for each variable was significant (PϽ0.0001) for each of the 4 comparisons. Moreover, Table  3 shows that the relative risk associated with apoA-I appears lower than that associated with HDL-C, LpA-I, or LpA-I:A-II in each quintile and that the relative risk associated with LpA-I:A-II was lower than that associated with LpA-I. To assess the predictive value of the various HDL parameters, individual HDL parameters were included in logistic regression analysis after controlling for the lipid (LDL-C and triglyceride) and nonlipid covariates noted above. The standardized ␤ coefficients were Ϫ0.230, Ϫ0.403, Ϫ0.211, and Ϫ0.352 for HDL-C, apoA-I, LpA-I, and LpA-I:A-II, respectively. Several multivariate models were then used. These included different HDL parameters in a logistic regression analysis after controlling for the same covariates: model 1, described in Table 4 , included HDL-C and apoA-I; model 2 included HDL-C, apoA-I, and LpA-I; and model 3 included HDL-C, apoA-I, and the LpA-I/apoA-I ratio. When apoA-I was included in the models, HDL-C no longer appeared as a risk factor. Models 2 and 3 showed that low LpA-I or a low LpA-I/apoA-I ratio was not significantly related to CHD when apoA-I was included in the model.
TABLE 2. Mean Plasma HDL-C, ApoA-I, LpA-I, and LpA-I:A-II, LDL-C, and Triglycerides (mg/dL) in Incident CHD Cases and CHD-Free Subjects: the PRIME Study
HDL Parameters, MI, and Angina
The PRIME Medical Committee classified initial coronary events into 2 categories: (1) MI and coronary death (nϭ150) and (2) angina (nϭ139). This distinction gave us the opportunity to assess whether the relationship between HDL parameters and the 2 CHD categories was similar by using logistic regression analyses, including lipid (LDL-C and triglycerides) and other specific covariates, as mentioned above. Separate analyses of individuals with MI and coronary death and individuals with angina showed similar estimates (Table 5 ), inasmuch as both were related to a lower apoA-I level. ApoA-I was more strongly related to any CHD event than were other HDL parameters, especially HDL-C. Furthermore, neither HDL-C nor LpA-I nor LpA-I:A-II was significantly related to MI or angina when apoA-I was included in the model (data not shown).
Association of HDL Parameters With CHD in Northern Ireland and France
Because CHD incidence in France and in Northern Ireland is clearly different, we went on to analyze separately the relation of HDL parameters to CHD in the 2 countries to evaluate whether HDL parameters contribute to the betweencountry incidence gradient. Table 6 presents the results of logistic regression analyses performed separately in Northern Irish and French subjects by using the model including HDL-C, apoA-I, and LpA-I. The results were similar in the 2 countries, demonstrating that apoA-I was the only parameter significantly related to the occurrence of CHD in each country. Results of analyses including either HDL-C, apoA-I, and LpA-I or HDL-C, apoA-I, and the LpA-I/apoA-I ratio, after controlling for other lipid and non lipid parameters, were similar in both countries; ie, only apoA-I appeared to be significantly associated with CHD.
The 5-year relative CHD risk between Northern Ireland and France was 1.91. 24 To evaluate the proportion of this relative risk explained by the apoA-I difference between the A minus sign means that incident CHD cases have a lower adjusted mean value than CHD-free subjects.
TABLE 4. Multivariate Comparison of Incident CHD Cases and CHD-Free Subjects by Logistic Regression Analysis: the PRIME Study
HDL-C, apoA-I, LpA-I, and LpA-I:A-II were separately analyzed after adjustment for lipid (LDL-C, triglycerides) and nonlipid parameters (center, diabetes, smoking, high blood pressure). 2 populations, we simply used the logistic regression model that included (apart from apoA-I) LDL-C, triglycerides, and other nonlipid covariates. We found that the mean apoA-I difference (4.5 mg/dL) between countries was associated with an approximate estimate of relative risk of 1.071 (95% CI 1.037 to 1.106), which represented Ϸ7% of the excess relative risk between the 2 countries. However, this rough estimate is probably underestimated because the effect of the intraindividual variability of apoA-I on the coefficient in the logistic function (attenuation effect) was not taken into account.
TABLE 6. Multivariate Comparison of Incident CHD Cases and CHD-Free Subjects by Logistic Regression Analysis in Northern Ireland and France: the PRIME Study
Discussion
Many studies have demonstrated that low levels of HDL-C are associated with an increased risk of CHD. [25] [26] [27] In the PRIME study, in which baseline blood samples were available, HDL-C was confirmed as a powerful predictor of CHD risk. However, this inverse association was not limited to the cholesterol content of HDL. Indeed, lower levels of apoA-I or of the HDL fractions defined by their apolipoprotein content (ie, LpA-I and LpA-I:A-II) were also associated with CHD risk when they were considered as separate variables in the analysis. Therefore, low apoA-I levels appeared to be the most powerful HDL parameter for predicting CHD in the PRIME study when various HDL parameters were included simultaneously in regression models.
The potential limitation of the statistical analysis is due to high correlations between HDL parameters. Collinearity may create spurious associations when independent variables are included simultaneously in a multivariate model. However, all analyses (ie, those with quintiles, standardized ␤ of logistic regression analyses, which included each HDL parameter, and more complex models involving various subsets of these HDL parameters) were consistent in indicating that low apoA-I levels proved to be the strongest HDL parameter for predicting CHD in the PRIME study. Four prospective studies [15] [16] [17] 21 have compared the predictive value of apoA-I with that of HDL-C levels and concluded that apoA-I was not more predictive of CHD than was HDL-C. The reason for the difference between results in the PRIME study and other prospective studies remains unclear. The first potential explanation is a difference in the laboratory methods even if all methods have been standardized. HDL-C was determined by different apoB-containing lipoprotein precipitants that give similar results, 28 but apoA-I was measured by using different methods. Nephelometry using automatic measurement was used in the PRIME study and in the British United Provident Association Study, 20 whereas slightly lesser reproducible methods (radial immunodiffusion and electroimmunodiffusion) were used in the 2 other large studies (Physicians' Health Study 17 and Quebec Cardiovascular Study 21 ). That could explain the results in these last 2 studies because the greater the variability in a measure, the lower its discriminating power is likely to be. Differences in methodology are also to be considered. In the Physicians' Health Study, only 15% of blood samples were drawn after a 12-hour fast. Because the structure of HDL is strongly related to metabolic modifications after a meal, it is possible that low HDL-C levels observed in incident CHD cases were emphasized in the fed state, whereas apoA-I levels were only slightly or not at all modified, therefore leading to a greater discriminating power for HDL-C than for apoA-I. Finally, differences between populations are to be considered. With the exception of the Tromso Study, 15 the average age was similar in these prospective studies even if the age range was narrower in the PRIME study than in others. Furthermore, there was a lower percentage of current smokers in the Physicians' Health Study and a higher percentage of diabetics in the Quebec Cardiovascular Study than in the present study. These differences could modulate HDL-C and apoA-I levels, as we have demonstrated for environmental factors such as alcohol consumption and cigarette smoking. 29 Because participants in the PRIME study had lower triglyceride levels than participants included in the 2 other studies, 17, 21 the finding that apoA-I was a stronger risk marker than was HDL-C could be partly due to the fact that triglyceride levels are more negatively correlated with HDL-C than with apoA-I.
Differences in usual risk factor levels were also noticed between Northern Ireland and France: higher frequency of smokers, lower rate of diabetic and hypertensive subjects, and higher levels of triglycerides in Northern Ireland than in France. Some of these differences may partly explain the higher CHD risk in Northern Ireland than in France, 24 but we were able to calculate that this geographic difference could partly be taken into account by the difference in apoA-I concentrations between the 2 populations even though the estimate of 7% explained relative risk is probably underestimated because of the regression-dilution effect. 30 Data from the PRIME study 29 enabled us to evaluate that 50% of the between-country difference of apoA-I was due to differences in alcohol intake, cigarette consumption, and physical activity; 20% of apoA-I variability was independent of HDL-C. Genetic background was also probably different in Northern Ireland and France. We have already observed betweencountry differences of apoE genotype frequency and Lp(a) levels, 5 which are strongly related to genetic polymorphism. 31 So, in contrast to previously published studies, the PRIME study finding (ie, that there is a stronger association between apoA-I and CHD than between HDL-C and CHD) was probably indicative of several causes: differences in methodological, environmental, and genetic factors.
The PRIME study is the first prospective cohort study analyzing the association between incident CHD and directly measured LpA-I and LpA-I:A-II levels and showing that LpA-I and LpA-I:A-II are inversely related to the incidence of CHD. Because apoA-I concentration was the sum of apoA-I content in LpA-I and LpA-I:A-II and because both fractions were inversely associated with CHD risk on the other hand, it is logical that apoA-I should be more strongly associated with CHD risk that any apoA-I-containing lipoprotein. In another prospective study, 17 LpA-I but not LpA-I:A-II was significantly associated with CHD risk, but LpA-I and LpA-I:A-II were not measured but estimated from apoA-I and apoA-II plasma concentrations and an arbitrarily fixed apoA-I/apoA-II ratio. As in the Physicians' Health Study and all case-control studies, 5,9 -12 we also noted that concentrations of LpA-I were lower in CHD subjects than in CHD-free subjects. Most cross-sectional studies also showed a low concentration of LpA-I:A-II particles in CHD patients compared with control subjects, 5,10 -12 whereas no difference was noted in only 1 study. 9 The finding that LpA-I and LpA-I:A-II appear to have a similar quantitative relation with CHD does not mean that both particles are metabolically equivalent. There is evidence that LpA-I and LpA-I:A-II particles have different metabolic functions, but relatively little is known about their respective roles. Interactions between apoA-I-containing particles and proteins involved in lipoprotein metabolism, such as enzymes, lipid transfer proteins, and receptors, suggest that LpA-I:A-II is less effective than LpA-I in the transportation of cellular cholesterol from peripheral cells to hepatocytes. 32 However, there is no direct evidence that cholesterol transport from peripheral tissues to the liver is less effective through LpA-I:A-II than through LpA-I, and the increased risk associated with a decrease of 1 mg/dL in LpA-I or LpA-I:A-II was similar (1.7%) in the PRIME study.
Angina has rarely been analyzed as an end point in prospective studies, because event identification is currently considered less reliable than MI and/or CHD death. The definition of angina as described in the present study (ie, the association of a chest pain with 1 positive finding from a cardiovascular examination, such as angiography, scintigraphy, exercise test, or ischemic ECG change at rest) increases the specificity of the classic clinical diagnosis of angina, which is considered unreliable in epidemiology. In the present study, apoA-I was the strongest HDL parameter associated with both CHD categories (MI/coronary death and angina), and so the same HDL parameters appear to be associated whatever the clinical pattern of the CHD initial event. This implies that even if the pathophysiology of acute coronary event and angina is different, we may hypothesize that low HDL levels appear to be a common contributor to the appearance of arterial lesions at the origin of both types of CHD syndrome.
In conclusion, the PRIME study is the first prospective cohort study in which HDL-C, apoA-I, and HDL subfractions defined as their apolipoprotein content (ie, LpA-I and LpA-I:A-II) have been measured in all participating subjects. Each of these HDL parameters proved to be associated with CHD. However, apoA-I appears to be the strongest independent risk factor whatever the population (French or Northern Irish) and the clinical pattern (MI/coronary death or angina). Until the 1990s, apolipoprotein measurement had not reached its full potential because the lack of standardization and reference methods for apoA-I assay was a limitation to the general application of apoA-I quantification in clinical practice. International standardization of apoA-I 33 has made apoA-I concentration a reliable measurement for inclusion in the determination of CHD risk profile. Finally, if all Northern Irish and French subjects with low levels of LpA-I and/or LpA-I:A-II, leading to a low apoA-I level, are prone to coronary events, the geographic comparison shows that the higher risk in Northern Ireland than in France is partly due to a lower LpA-I level in the population.
PRIME Study Group
The PRIME study is organized under an agreement between IN-SERM and the Merck Sharp & Dohme-Chibret Laboratory, with the
